A multi-state latching translation stage is demonstrated using microelectromechanical systems technology. The mechanism is fabricated in bonded silicon-on-insulator material with an 85 µm thick bonded layer, by single-layer patterning, deep reactive ion etching, undercutting and metallization. The table position can be continuously adjusted by electrothermal buckling mode actuators or latched into a discrete set of states using a rack-and-tooth mechanism driven by electrothermal shape bimorph actuators. A travel range of more than 100 µm and a latching precision of 10 µm are demonstrated. The load carrying capacity of the device is in the milligram range, corresponding to the mass of many microoptical components.
Introduction
Since the emergence of microelectromechanical systems (MEMS) technology, a wide variety of actuation principles, including electrostatic, electromagnetic, electrothermal and piezoelectric methods, have been exploited for positioning small components [1] . Most often the position is not fixed, so that the structure relaxes back to its original state on the removal of power. A limited number of fixable systems have been demonstrated, including combinations of simple actuators and elastic clamps [2] or rack-and-tooth mechanisms [3] , and linear stages such as microengines [4] , vibromotors [5] and scratch drive actuators [6] .
MEMS technology should be highly appropriate for microoptoelectromechanical systems (MOEMS). However, the more complex devices require multilayer fabrication, and have generally been fabricated in polysilicon by sacrificial processing. Since the structural height and substrate clearance that can be achieved in this way are both very low (a few microns), these devices collapse onto the substrate when loaded by the mass of a micro-optical component. This mass normally lies in the milligram range. For example, a 1 mm diameter ball lens in silica (density 2.2 × 10 3 kg m −3 ) would have a mass of 1.15 mg. Similarly, multi-layer optical filters used in constructing demultiplexers are commonly available in chip sizes of 1.4 × 1.4 × 0.8 mm, corresponding to an approximate mass of 3.5 mg. Because of these large masses, most polysilicon MOEMS have involved integrated components [7] , which have a lower optical performance than optimized discrete elements.
Robust, electrically driven stages that may adjust position and then be latched in place may find applications in assembling an optical system from discrete components. To increase load-carrying capacity, greater out-of-plane stiffness and hence greater structural height is needed. Very deep structures with electromagnetic actuation have been fabricated by the LIGA (LIthographie, Galvanoformung, Abformung) process [8] ; however, they require complex build-up processing and expensive lithography. Etch-down processing can be both simpler and cheaper; however, because of the increased topography, fabrication typically requires single-layer patterning or the use of buried mask layers. Anisotropic etching has been used to construct rugged devices from single crystal silicon for fibre manipulation [9, 10] . More recently, adjustable translation stages [11] have been formed by deep reactive ion etching (DRIE) of silicon [12] ; however, these lacked any form of internal actuation, and could not be adjusted, clamped or unclamped electrically. There is therefore a need for new designs of latching actuation stage that may be fabricated as deep structures.
In this paper, we demonstrate a simple and functionally complete solution for electrically-driven single-axis in-plane latching translation stages fabricated by single-layer patterning and DRIE of bonded silicon-on-insulator (BSOI) [13, 14] , following methods developed for variable optical attenuators [15] . The structural height is large enough that realistic loads may be carried without collapse, even with a low clearance to the substrate. Electrothermal actuation is chosen in preference to electrostatic actuation because of its simplicity and high force, and because it avoids the need for closely-spaced electrodes that cause difficulties in deep etching; for one-time or intermittent alignment, its high power consumption may be acceptable. The overall design and the fabrication process are described in section 2. The electromechanical performance of the device is described in section 3, and controllable alignment, clamping and unclamping are all demonstrated. The ability of the stage to carry a significant external load is also shown. Conclusions are presented in section 4.
Design and fabrication
In this section, we describe the design and fabrication of a single-axis latching translation stage. The design process involves the selection of actuators for long, linear travel, and for clamp and release operations, consideration of the latch mechanism, and provision of a movable table with a high load-carrying capacity.
Design
The device consists of a table, carried by motion actuator consisting of an electrothermally-deformable split spring suspension, and latched in place by a pair of electrothermally actuated clamps, as shown in figure 1 . The table is a lattice of beams, arranged as a rectangle with dimensions L 1 and L 2 , and is large enough to support a macroscopic component. The actuators are placed on the perimeter to use the available area effectively.
Electrically, the structure is a three-terminal device. The motion actuator consists of two sets of buckling mode actuators [16, 17] , one at either end of the table ( figure 2(a) ). The actuators are driven in series by a voltage V M so that current flows through the suspension to ground via the central table (which is large enough that the current passing through it does not heat it significantly). The resulting motion is unidirectional (upwards in the orientation shown). The buckling mode devices each consist of two parallel bent beams, arranged in series with two similar beams to increase the travel. This arrangement is inherently stiff against unwanted displacements, and allows translation without in-plane rotation or lateral motion.
The clamps consist of normally closed rack-and-tooth mechanisms, which are released by an electrothermal shape bimorph actuator with unequal arm lengths [18, 19] . A similar arrangement was recently used in a latching variable optical attenuator [20] . The clamp actuators are driven in parallel by applying a voltage V C so that current flows through the bimorphs ( figure 2(b) ). Each rack is then deflected laterally, in opposite directions. When power is removed from the clamp actuators, a residual elastic force holds the clamps closed. Two clamps are used, to minimize the resulting lateral deflections. Similarly, when power is removed from table actuator, a spring force tensions the longer beam of the clamp actuator.
The principles of electrothermal actuators are well known. An electrical current is passed through a thin elastic suspension. Variations in local temperature caused by differences in local heating and cooling result in differential thermal expansion, which strains the suspension. In a buckling mode actuator, the suspension is a built-in beam, which acts against the substrate, causing a deflection perpendicular to the suspension axis. In-plane motion may be forced by adopting a greater width for the suspension than its structural height. Deflection in a preferred direction may then be selected by adopting a slightly pre-buckled geometry. This modification partially linearizes the deflection characteristic, so that quasilinear transverse deflections are obtained when the axial load is less than the Euler buckling load for a straight beam of similar length. In a shape bimorph actuator, the suspension is a folded beam. One part of the suspension then acts against another, causing a predominantly angular deflection whose effect may be magnified using a long lever arm.
To a first approximation, the table dimensions L 1 and L 2 and the structural height t determine most aspects of performance. For example, an increase in L 1 and L 2 will enlarge the table, which will then deflect more towards the substrate under load, and hence reduce the load-carrying capacity. Conversely, an increase in L 1 will increase the length of the table motion actuator, and hence increase the likely travel range. Similarly, an increase in L 2 will increase the lever arm of the clamp actuator, and hence the opening distance of the clamp. An increase in the thickness t will stiffen the structure, and increase the load-carrying capacity. It will also increase the power consumption. However, the precision of the stage is determined by the tooth separation of the rack, which in turn is determined by the ability of the deep etch process to transfer the rack pattern to the full structural depth. This ability will decrease as t increases. The need to maintain clearances during fabrication and clamping forces during operation then limits the number of positional states that may be realized.
For example, the upper four diagrams in figure 3 show details of the clamp. In the initial state (1), the rack teeth are assumed to be blazed at 45
• , and hence have equal depths x 2 and y 2 in the x and y directions. During fabrication, it is assumed that a clearance x 0 is required between the two components, which initially overlap by a distance x 1 . To open the clamp (2), the rack must therefore move a distance just greater than x 1 in the +x direction. To engage with the first tooth in the rack (3), the single movable tooth must then move a distance just greater than y 1 = x 1 + x 0 in the +y direction. This distance represents a dead band in the operating range. Finally, to close the latch (4), the rack must be moved back by x 2 in the −x direction. Because the rack is still displaced by x 3 = x 1 − x 2 from its initial position, a clamping force may be derived from the residual deflection of the clamp actuator at its built-in end.
For typical dimensions of x 0 = x 2 = x 3 = 10 µm, we may then find the rack motion required to open the clamp as x 1 = 20 µm, the initial displacement of the single tooth as y 1 = 30 µm and the achievable resolution as y 2 = 10 µm. In practice, the effect of a finite line-width during pattern transfer will be to blunt the teeth of the rack as shown in the lower two diagrams in figure 3 . The result will be to lessen the required rack motion, because the distance x 1 is reduced.
Fabrication
Prototype devices were fabricated by deep reactive etching and undercut of 4 inch diameter (100) orientated BSOI wafers, which were obtained commercially from Analog Devices Belfast. The material consisted of p-type (100) Si, with a resistivity of 1-10 cm. The thickness of the oxide interlayer was 2 µm, and bonded layer thicknesses between 75 µm and 85 µm were investigated. Etching was carried out using a single chamber multiplex inductively coupled plasma etcher (Surface Technology Systems, Newport, UK). The etching process was a modified form of the cyclic etch-passive process, originally developed by Bosch. The hard mask was a 3 µm thick layer of photoresist, which was patterned by contact lithography.
After removal of the sacrificial oxide interlayer in buffered HF, the devices were freeze dried in a water/methanol mixture, and then metallized by RF sputtering with 300Å Cr metal and 1000Å Au to allow electrical contact. This step coats both horizontal and vertical surfaces of the structure, so that current flows through the metal as well as the underlying silicon. However, metal is prevented from tracking between the supporting lands and the substrate by the use of a long undercut etch; this step provides a strongly re-entrant surface beneath the attached parts, which cannot be coated even by a highly conformal process such as sputtering.
Devices with tables up to 5 mm square have been successfully fabricated in BSOI with structural heights up to The stiffness therefore depends on the third power of the depth, but only linearly on the breadth. For a structure that is loaded normal to the substrate plane, but required to deflect in plane, a high loadcarrying capacity is best achieved by increasing the depth of the beam. Increasing the width has a small effect on the load-carrying capacity, but makes it very difficult to obtain the required lateral flexibility. A beam depth of 85 µm represents an approximate 40-fold increase over the equivalent height of the polysilicon multi-user MEMS process (MUMPS) [21] , and hence a 40 3 = 64 000-fold increase in likely load-carrying capacity. Figure 4 shows completed devices. Figure 4 (a) shows a general view; although the metallization (particularly the Cr adhesion layer) is under tensile stress, the structural height is large enough so that no appreciable distortion occurs, and the table can move without contacting the substrate despite its large size and low clearance. The table is constructed from 50 µm wide beams on 200 µm centres. Other rigid movable parts are typically 50 µm in width. Figure 4(b) shows an enlarged view of the table motion actuator, and figure 4(c) shows the clamp. The profile of the 10 µm period teeth in the rack has transferred to the full structural depth, suggesting that an increase in tooth resolution will be possible in future designs. Slight in-plane movements of the table from its nominal rest position are ascribed to the removal of the majority of the original oxide interlayer, which is sufficient to cause some in-plane distortion of the thin actuator flexures.
Electromechanical characterization
In this section, we present the results of initial electromechanical characterization of devices with dimensions L 1 = L 2 = 5 mm. Devices were driven from a variety of sources, including dc power supplies and signal generators, and the actual voltage and current delivered were monitored using digital voltmeters, oscilloscopes and ammeters as appropriate. Electrical contacts were made using adjustable probes.
Deflections were measured using an optical microscope equipped with an on-screen cursor measurement system.
Overall functionality
The table motion and clamp actuators all operated essentially as expected, and the actions of adjusting the table position,  clamping the table and releasing the table under electrical control have all been demonstrated. Figure 5 shows the mechanism during operation, near one of the two clamps. Figure 5(a) shows the initial state, figure 5(b) shows the clamp opened, figure 5(c) shows the device after it has been fixed in the first latched state, and figure 5(d) shows the fifth latched state.
Actuator performance
The best performance so far has been obtained with clamp actuators based on 1000 µm long hot arms and 200 µm long cold arms, each of 10 µm width, and with table motion actuators of 8 µm width and 10 µm initial central offset. Figures 6 and 7 show measurements of deflection obtained using these parameters. Figure 6 shows the variation of deflection with electrical power for the two clamp actuators. Each can deflect by 60 µm; this value is clearly sufficient to clamp and release the table, an operation requiring a minimum travel of 20 µm. The two actuators deflect equally, to a reasonable degree, suggesting symmetry in the elastic structure, and equal power division in operation. Figure 7 shows the variation of deflection with power for the table motion actuator. The variation is quasi-linear. The limits to travel are set by the onset of damage to the metal coating of the suspension, which tends to burn off over short distances at high electrical powers. However, the device could still be operated when this occurred. In fact, larger displacements were then obtained, presumably because the power is delivered at a more effective location. Here, the stage can deflect 110 µm with a 2 W drive without damage. Since the tooth spacing on the catch mechanism is 10 µm, this gives around 10 resolvable positions. Figure 7 also shows the variation of the actuator circuit resistance with power. The initial resistance is ≈35 , rising to ≈45 as the temperature increases. This behaviour is characteristic of a metal conductor, implying that the current flows mainly in the Cr/Au metallization, rather than in the underlying silicon mechanical layer. A drive power of 2 W therefore corresponds to a voltage V ≈ 9.5 V and a current I ≈ 210 mA.
Clamp and release operations
For small table deflections, the clamps could be released by driving the clamp actuators alone. As the table deflection increased, larger powers were required to overcome the frictional force of the table. At very large deflections, the clamps could only be released if power was applied to the table motion actuator to reduce this force. However, in any case it was found to be important to supply this power during unclamping. If this was not done, the table was accelerated rapidly towards its rest position. Because of its large inertia, it was then capable of snapping its suspension into an inverted state. Figure 8(a) shows the table motion actuator in its rest position, and figure 8(b) shows a similar view after snapthrough. Figure 8(b) contains a 'shadow', which is invisible in figure 8(a) . This shadow is formed during the metallization process, and corresponds to uncoated areas that originally lay beneath the actuator beams. The presence of the shadow clearly shows that the structure has been displaced from its original position, and allows the displacement to be estimated as ≈20 µm. Recovery from snap-through was possible, but an external micromanipulator was required to force the suspension back to its original state.
The devices have not yet undergone lifetime testing. However, no major wear damage has been observed to the latching mechanism, even in devices that were latched by moving the table with an external manipulator, with the clamp closed so that multiple sliding tooth contacts occurred. In any case, mechanical degradation is unlikely to be a significant problem in devices intended mainly for one-time assembly operations.
A more significant problem may arise from electrical degradation. When the table is latched, it must be electrically connected to the clamp. A high current may therefore flow across the interface between the teeth, if the table and the clamp are held at very different potentials. This current will cause local heating, and possibly even local melting. The solution is to avoid the use of a common ground, and operate the clamp and table actuators from floating voltage sources.
Load-carrying capacity
To measure the load-carrying capacity of the table, small masses were manufactured from thin silver wire and weighed using a micro-balance. The masses were then placed on the table in turn, and the motion was then characterized. Central placement of the masses was required to obtain repeatable results. Loaded actuators always stopped moving after travelling a certain distance, which reduced as the load increased. For example, figure 9 shows the variation of maximum travel with load. Two sets of data are shown, based on a gradual increase and an abrupt step in drive power, respectively. Lower displacements were achieved in the former case, and the travel was generally much lower than in the unloaded state. For example, a 4 mg load could only be translated through a distance of 60 µm.
In each case, the explanation is a load-induced collapse of the suspended table onto the substrate, which occurs when the central deflection rises to the interlayer oxide thickness of 2 µm. There are two contributions to the deflection: firstly, a static deflection due mainly to the sag of the table induced by self-weight and the applied load, and secondly a dynamic deflection caused by a twisting of the motion actuator beams in their extended state. Larger motions are presumably obtained when the electrical power is applied abruptly, because the table's large inertia allows it to move further before contact friction halts motion. Collapse could be avoided by removing the substrate from beneath the table, for example by DRIE. However, this would require additional, relatively expensive backside processing steps.
Mechanical stability
A key advantage of a latching alignment stage is its potential to resist external disturbances. The effect of in-plane acceleration was therefore assessed using a shaker table. The device was placed on a mount attached to a circular piezoelectric diaphragm (Kingstate KPS-100) as shown in figure 10 . Two orientations of the device were used, to excite lateral motion of the clamps ( figure 10(a) ) and the table ( figure 10(b) ), respectively. The diaphragm was driven from a variable frequency signal generator. With a 20 V p-p drive, a 10 µm p-p motion of the mount was obtained. At 1 kHz drive frequency, this corresponds to a peak acceleration of 5 × 
Conclusions
A robust, latching, in-plane translation stage has been demonstrated in silicon using MEMS technology. The mechanism is fabricated by single-layer patterning, deep reactive ion etching and undercutting of bonded silicon-oninsulator material. The table position can be continuously adjusted by electrothermal buckling mode actuators, or latched into a discrete set of states using a rack-and-tooth mechanism driven by electrothermal shape bimorph actuators. The performance of the motion actuators has been characterized with the device in an unloaded state, and a latched deflection of over 100 µm has been achieved. The load carrying capacity is limited by collapse of the structure onto the substrate, and the achievable travel depends on the load. With an 85 µm structural height and a 2 µm clearance, a load of 4 mg has been translated through a distance of 60 µm.
The high power requirement of the table motion actuator is an unfortunate consequence of the relatively low linear thermal expansion coefficient and high thermal conductivity of silicon, coupled with the use of a large structural height, which leads to rapid cooling by both conduction and convection. To improve these properties, the structural parts could be fabricated in an alternative material such as electroplated Ni. However, the high aspect ratios achieved here would probably require the use of a high-cost lithography tool such as a synchrotron for mould formation. The layout of the actuator could be optimized to increase the deflection obtained for a given power. However, in practice, there is little to be done apart from increasing the length of the flexures and reducing their static lateral offset, and both modifications would increase sensitivity to snap-through. The most useful improvement would be to remove the substrate from beneath the actuators, which would significantly reduce the effect of cooling by gas conduction through the small thickness of air between the suspended beams and the substrate. Alternatively, different actuation methods (such as electrostatic deflection) could be explored.
The ability to carry an external load is a significant achievement for a MEMS device, and this performance is likely to find applications in assembling microoptical systems based on macroscopic components. There are other applications of the general geometry presented. For example, a rotation stage might be constructed by replacing the central table with a frame, which may then drive a centrally suspended stage using a pair of contacting drive bars. Work is in progress to improve travel and resolution, and demonstrate these alternative functions.
